Background/Purpose: For pediatric tumors of the cervicothoracic junction, an isolated cervical or thoracic surgical approach provides insufficient exposure for achieving complete resection. We retrospectively examined "trap-door" and "clamshell" pediatric thoracotomies as a surgical approach to these tumors. Methods: We searched our database for pediatric patients with cervicothoracic tumors who underwent clamshell or trap-door thoracotomy between 1991 and 2013, reviewing tumor characteristics, surgical technique, completeness of resection, morbidity, and outcome. Results: Trap-door (n = 13) and clamshell (n = 4) thoracotomies were performed for neuroblastoma (n = 9), non-rhabdomyosarcoma soft tissue sarcoma (n = 4), germ cell tumor (n = 2), rhabdomyosarcoma (n = 1), and neuroendocrine small cell carcinoma (n = 1). Fourteen of these cervicothoracic tumors were primary, and three were metastatic. Gross total resection was achieved in 15 patients (94%). Operative complications included vocal cord paralysis (n = 2), mild upper-extremity neuropraxia (n = 2), and hemidiaphragm paralysis (n = 1), All but one involved encased nerves. Overall survival was 61% for the series and 80% for patients with primary tumors. Eleven (73%) of 15 patients who underwent gross total resection had no evidence of recurrence. Three patients with metastatic disease died of distant progression within 1.3 years. Conclusions: Gross total resection of primary cervicothoracic tumors can be accomplished with specialized exposure in pediatric patients with minimal morbidity.
Patients and methods
With institutional review board approval WA0402-11, we reviewed the pediatric surgical database at Memorial Sloan-Kettering Cancer Center for patients who had undergone a resection via a "clamshell" or "trap-door" thoracotomy during the period 1995-2013. Seventeen patients were identified, of whom 13 underwent a trapdoor and four underwent a clamshell thoracotomy. A uniform operative approach was performed for each procedure.
Trap-door
The patient is placed in the dorsal recumbent position with a roll beneath the shoulders, the arm ipsilateral to the lesion outstretched, and the contralateral arm tucked at the side (Fig. 1) . General anesthesia is induced, using either a double lumen endotracheal tube or a single lumen endotracheal tube with a bronchial blocker for intubation. The head is then rotated 30-45°away from the tumor. The patient is prepped from the ear to the umbilicus and a clear head and neck drape is used. A transverse incision is begun superior to the clavicle with a parallel course, or along the anterior border of the sternocleidomastoid with a descending course, to the mid-portion of the suprasternal notch, continued downward through the midline sternum to the fifth interspace, then laterally through the fifth interspace to the anterior-axillary line. The pectoralis is divided close to its point of insertion and the intercostal muscles divided at the fifth interspace. The pleural space is entered and the internal mammary vessels are isolated, ligated, and divided. The retrosternal space is bluntly dissected and a sternal saw is used to divide the sternum to the level of the fifth interspace, then laterally to the thoracotomy. Bleeding from the edge of the sternum is treated with bone wax. The sternal and a portion of the clavicular head of the sternocleidomastoid are divided close to their points of origin and marked with sutures for later approximation. The strap muscles are similarly divided. A Finochetto retractor is then placed between the cut edges of the sternum allowing excellent exposure. Neural monitors are placed as described below. Dissection then begins with mobilization of the thymus and identification of the phrenic, vagus, and recurrent laryngeal nerves. The tumor is dissected piecemeal, in a cranial direction, and major vascular structures are controlled proximally and distally. For teratomas, an attempt to remove the whole tumor and prevent spillage of cells is optimal, although not always possible. When the thoracic duct can be identified, it is isolated, tied and ligated. Meticulous dissection continues with frequent use of neural monitoring, and marginal biopsies are taken after tumor extraction. At the conclusion of the dissection, a chest tube is placed and pectoralis flaps mobilized. The sternum is reapproximated with 3-4 sternal wires or non-absorbable sutures in small patients. Pericostal sutures are placed to reapproximate the ribs in the fifth interspace. The lungs are then inflated under direct vision and the pericostal sutures and sternal wires are secured. The mobilized edges of the pectoralis flaps are closed over the sternal wires. Attention is then directed to the neck where the sternal and clavicular heads of the sternocleidomastoid muscle is reapproximated with figure of eight sutures of heavy Vicryl. Finally, the subcutaneous and dermal layers of the incision are closed in layers.
Clamshell
The patient is placed in the dorsal recumbent position with a roll behind the midportion of the chest (Fig. 2) . The arms are abducted to 90º at the shoulder and elbow. General anesthesia is induced with a double lumen or single lumen endotracheal tube capable of lung isolation, and the patient is prepped from the chin to the umbilicus and transversely to the bilateral posterior axillary lines. An anterior curvilinear incision is made along the fifth interspace bilaterally from each anterior-axillary line, connecting at the midline. The pleural space is entered and the mammary vessels are isolated, ligated, and divided. The retrosternal space is then bluntly dissected, and the sternum divided transversely with a sternal saw. A Finochetto retractor is placed, allowing for exposure of both pleural cavities, from the pulmonary hilum to the posterior aspect of the diaphragm. When the tumor dissection is complete and hemostasis is assured, bilateral chest tubes are placed and the sternum is either approximated with wire or stabilized in the anterior-posterior dimension with a Steinmann pin. Pericostal sutures are used to approximate the ribs, and the subcutaneous and dermal layers of the incision are closed in layers.
Neural monitoring
Continuous running electromyography (or free-run EMG) and direct neuronal stimulation techniques were used in 8 cases in this series. Free-run EMG evaluates interference patterns that are seen as motor unit potential firing at rates of 30-100 Hz and can be applied to any nerve in which its corresponding myotome can be accurately accessed [1] . Tactile stimulation, thermal activity, or mechanical traction of the nerve and axon cause neurotonic discharge. If the firing is self-limited and associated with a specific surgical maneuver, it is considered benign and simply serves as a warning sign, but if it persists after manipulation, it is considered pathologic and may be associated with a post-operative deficit.
Direct neuronal stimulation in the surgical field was also used to test axonal integrity and to distinguish tumor from nerve. In this case, stimulation of a nerve using a handheld monopolar or bipolar stimulator is then transmitted to a surface or intramuscular needle electrode which records a compound muscle action potential from the muscle innervated by the stimulated nerve [2, 3] . For tumors of the cervicothoracic region, the C8/T1 nerve roots and vagus nerve were monitored. The C8 and T1 nerve roots, supplying the inferior aspect of the brachial plexus, were monitored by placing needles in the first dorsal interossei, and the thenar/hypothenar eminence, to monitor muscles innervated by the ulnar and median nerves. The vagus was monitored indirectly by the recurrent laryngeal nerve, using surface electrodes on a special endotracheal tube. It is possible, though not practical, to place diaphragmatic electrodes for monitoring of the phrenic nerve; rather, this nerve can be stimulated during the case and the response of the diaphragm verified visually.
Results

Pre-operative patient and tumor characteristics
There were eight boys and nine girls. Median patient age at the time of resection was 5.9 years (range: 9 mo to 29.6 y). The oldest patient had been treated with chemoradiation therapy as a child and returned as a young adult for surgical resection of a recurrence; the second oldest patient was 16.8 years old. The tumor types were neuroblastoma (n = 9), non-rhabdomyosarcoma soft tissue sarcoma (NRSTS; n = 4), germ cell tumor (n = 2), rhabdomyosarcoma (n = 1), and neuroendocrine small cell carcinoma (n = 1). In 12 patients, the chest was the primary site of disease, and in three patients, the primary site was the abdomen (neuroblastoma [n = 2], malignant germ cell tumor [n = 1]) with metastatic disease to the chest. One patient had a primary cervical neuroblastoma and one patient had a primary embryonal rhabdomyosarcoma of the neck and superior mediastinum (Fig. 3) . Shortness of breath (29%) and weakness (29%) were the most commonly reported presentations, followed by a palpable mass (24%), pain (24%), cough (24%), Horner syndrome (18%), and pneumonia (12%). Twelve patients (71%) received preoperative chemotherapy. Of those who did not, one patient had mature teratoma, one with ganglioneuroma, one with embryonal rhabdomyosarcoma (who received previous radiation) and two with neuroblastoma. Six of 17 patients (35%) were noted to have pre-operative Horner syndrome, although this was not the presenting symptom in half of these children); in one child, no mention was made of ocular findings (Table 1) .
Intraoperative details
The median operative time was 348 minutes (range: 163-495 min) and the median blood loss was 500 mL (range: 100-2200 mL). Dual-lumen endotracheal intubation was used in two of four clamshell procedures. Ten patients received an intraoperative transfusion of packed red blood cells. Two patients required patch angioplasty of the innominate vein. Neural monitoring was used in eight of 15 undergoing complete resection (53%), none of whom had an incidental injury. Two patients had encasement of neural structures resulting in operative sacrifice, including two phrenic and one right recurrent laryngeal nerve. The first patient had extensive internal mammary nodal disease involving resection of the second rib and phrenic sacrifice, resulting in left hemidiaphragm paralysis with a moderate effusion, which resolved after thoracentesis. A sarcoma of the right thoracic apex encased the right phrenic nerve necessitating sacrifice, without postoperative complication. In the other patient, the right recurrent laryngeal was encased and could not be identified; post-operative vocal cord paralysis was verified, but the patient had full left vocal cord compensation. The one inadvertent transection of a recurrent laryngeal nerve occurred in a patient with extensive cervical nodal disease and was immediately repaired by the microsurgical team; follow-up showed no vocal abnormalities. The procedure was aborted in a single patient deemed to have unresectable disease with tumor invading through the pericardium into the main pulmonary artery, which could not be identified on preoperative radiology. There were no intraoperative deaths.
Post-operative details
Of the 16 patients undergoing operation for resection, a gross total or near gross total resection was achieved in 15 (94%). Median length of hospital stay was 7 post-operative days (range: 4-27 d). In each patient, a chest tube was left in place for a median of 3 days (range: 2-9 d). Seven patients required a post-operative blood transfusion, including three who did not receive an intraoperative transfusion. Blood transfusion information was missing from the records of four patients. There was no chylothorax as a complication in this series. Post-operative Horner syndrome was noted in seven patients: in six with pre-operative pre-existing Horner syndrome and in one patient undergoing resection of neuroblastoma involving the stellate ganglion. Three patients had post-operative arm weakness, the first being a patient with a pre-existing plexopathy from two prior posterior thoracotomy approaches, who demonstrated no change in function. Two patients had new postoperative weakness, manifesting as fifth-digit weakness in one patient and generalized weakness which was markedly diminished at 2 months in the other; neither experienced any impact on their activities of daily living. Both patients had intra-operative neural monitoring for neuroblastoma that encased the inferior portion of the brachial plexus (Table 2) .
Recurrence
Of 16 patients undergoing a gross total resection of tumor, 12 (75%) had no evidence of disease recurrence. Of the four patients with a recurrence, three developed distant disease and died at a median of 18 months (range: 16-19 months) after resection. Recurrence was local and rapidly progressive in one patient with a primary undifferentiated sarcoma of the mediastinum; she died 2 months after her initial resection.
Survival
Five-year survival for the 17 patients in this series (intent to treat) was 61% (95% CI 33-89). In one patient, resection was abandoned due to invasion of the pulmonary artery. Five-year survival in the remaining 16 patients who underwent resection was 67% (95% CI 39-95). Patients who were treated for primary tumors and not metastatic disease had a 5-year survival of 80% (95% CI 54-106), which was significantly different than those treated for metastatic disease (p ≤ 0.003). Of the three patients who presented with metastatic disease, all had prior posterior thoracotomy or median sternotomy approaches. The trap-door approach made gross total resection possible in three. Survival in the patient with unresectable disease was 14 months.
Discussion
Large tumors of the superior mediastinum and cervicothoracic inlet represent a challenge to surgical resection. Neither a cervical nor thoracic approach alone is sufficient to achieve exposure of the tumor and its relationship to vital nerve and vascular structures of the head and neck. The unilateral anterior cervico-sterno-thoracotomy or "trap-door" incision was first described in 1979 by Masaoka et al. as a method of exposure of Pancoast tumors of the superior sulcus [4] . Since that time, the procedure (with minor alterations and variations) has remained an important method of approach for adult thoracic surgeons resecting pulmonary parenchymal tumors with apical involvement, tumors of the cervicothoracic junction, large tumors of the superior mediastinum, and tumors of the superior thoracic wall [5] . This incision allows access to the great vessels of the mediastinum and neck including, if necessary, intrapericardial control of the aorta and pulmonary vessels proximal to the level of the pulmonary hilum. Moreover, the approach preserves sternal clavicular articulation, which is sacrificed in anterior approaches, resulting in significant morbidity of the shoulder and chest girdle that may increase over years of pediatric growth [6, 7] . Finally, utilizing a fifth interspace incision for the anterior thoracotomy preserves innervation of sternal portion of pectoralis major by the medial pectoral nerve, leading to reduced atrophy of the pectoralis muscle. This branch of the medial cord of the brachial plexus descends inferiorly on the posterior side of pectoralis major to innervate inferior portion of the sternal head.
To date, reports of approaches to tumors of the cervicothoracic junction in the pediatric patient have been limited to small case series of fewer than four patients. The largest series, which describe approaches to complex spinal deformities, are published in the orthopedic literature [8] . In four patients with cervicothoracic neuroblastoma, Sauvat et al. used a transmanubrial osteomuscular-sparing technique popularized by Grunenwald to achieve N 90% gross total resection [9, 10] . Complications included chylothorax in one patient and phrenic nerve palsy in two patients [9] . Similarly, Pimpalwar achieved a 99% gross total resection in a localized cervicothoracic neuroblastoma using a transmanubrial technique. This approach, however, requires resection of the first costal cartilage and mediastinal exposure is limited to the anatomy visible at the thoracic inlet, above the subclavian vein [11] . Parikh et al. reported the resection of cervicothoracic neuroblastoma in three patients using Dartevelle's approach, requiring resection of the medial clavicular head. In adult series, this has been associated with shoulder girdle instability, delayed post-operative recovery, and bony malunion in up to 42% of patients [11] [12] [13] .
For large tumors arising in the mediastinum and extending into both hemithoraces, the clamshell incision provides excellent exposure extending to the level of the lung apices and thoracic outlet with minimal respiratory complications and a low rate of sternal nonunion or wound infection [14, 15] . A Steinmann pin can be used to further stabilize the sternum in the anterior-posterior dimension.
The majority of tumors resected by the trap-door approach in this series were neuroblastomas of the cervicothoracic inlet. An estimated 11-26% of neuroblastomas present in the thorax and fewer than 2% are cervical, typically arising from the stellate ganglion [16, 17] . There are conflicting data regarding a unique biology of thoracic neuroblastoma [6, [17] [18] [19] . Regardless, achieving a gross total resection is associated with significantly improved progression-free and overall survival in these cases [20, 21] . In non-neuroblastic tumors, including germ cell tumors, rhabdomyosarcoma, and NRSTS, gross total resection is imperative for cure [14, 15] .
In this series, we report the successful resection of 16 of 17 tumors of the cervicothoracic junction or bilateral mediastinum via either a "trap-door" or "clamshell" approach. This aggressive approach resulted in an overall survival of 80% in patients with primary mediastinal or cervical tumors. Control of the great vessels with this approach allowed dissection of encasing, difficult-to-access tumor growth. In one case, an aberrant vertebral artery was encountered, but an intact Circle of Willis with adequate backflow, as assessed by neurosurgery, allowed for prudent ligation. We attribute the absence of any complicating chylothorax in our series to the attempts made to specifically identify and ligate the thoracic duct and the generous use of MRI safe, non-ferromagnetic clips, while dissecting the left cervicothoracic region. In this series, patients whose cervicothoracic mass represented metastatic disease (two with neuroblastoma and one with a malignant germ cell tumor) did not fare as well. All succumbed to distant progression within 19 months of resection. While such a small sample size cannot be used to draw definitive conclusions regarding the efficacy of resection for metastatic disease, resection in this population should be approached with appropriate circumspection.
Operative and perioperative morbidity in this series was low and included a small risk of resection of a regional nerve or the need to reconstruct a great vessel. All patients had excellent functional recovery without any long-term evidence of weakness, neuropraxia, or vascular compromise. In summary, gross total resection of tumor mass of the cervicothoracic junction or bilateral mediastinum can be accomplished in most appropriately selected patients as either an upfront surgical approach or following chemotherapeutic cytoreduction. Complete resection offers an excellent chance of long-term survival with minimal morbidity for a variety of tumor subtypes, particularly when the tumor represents the primary site of disease.
UNIDENTIFIED SPEAKER (moderator): Let me ask you two questions.
First, did any of these patients need cardiopulmonary bypass as an adjunct to your procedure?
Response: DR. DAVID DARCY: In this series, none of these patients did.
The one patient in which resection was not attempted, there was invasion of the main pulmonary artery.
UNIDENTIFIED SPEAKER:
The second question -neither of these would fit in the category of minimally invasive procedures, so my question is, since this was over a 20-year period, can you make any comments about long-term acquired chest wall development problems with these cases? Response: Dr. DAVID DARCY: That is an excellent question. The traditional approach to these tumors described by (Shaw) back in the '60s would have been a posterolateral thoracotomy which is a somewhat morbid procedure and then other incisions such as resection of the medial half of the clavicle described later can end up affecting the shoulder girdle. This approach preserves the sternoclavicular articulation and by taking the anterior thoracotomy incision at the L4-L5 space we minimize denervation of the pectoral muscles because that is coming from superior down to the pectoral muscle.
Discussant: Dr. REBECKA MEYERS (Salt Lake City, UT): I really enjoyed that. I am curious, even with your improved exposure which looks like it was excellent, there is still a small but real and important incidence of nerve injury and with this experience do you have any words of wisdom for us on how you can reduce that risk?
Response: DR. DAVID DARCY: A lot of these tumors are neural in origin and some of that led to operative sacrifice with encasement of different nerves. I think one of the important things that Memorial Sloan-Kettering has instituted is a protocol for neural monitoring.
Since this has been instituted, there have been fewer injuries. That does not necessarily say that there won't be an injury with neuromonitoring but I think the most important thing is in a region so dense with neurovascular structures you really need very, very good exposure, meticulous dissection and then neuromonitoring as well.
UNIDENTIFIED SPEAKER: One last question. Do you have an opinion, for the tumors that involve the innominate or the left subclavian vein, as to median sternotomy with left cervical incision as opposed to the trap-door thoracotomy?
Response: Dr. DAVID DARCY: I think that still is an excellent incision.
The most important part would be modifying the cervical incision for extent of the disease but as long as you can get the bony girdle of the clavicle out of the way, then adequate vascular control can be achieved with either approach.
